Active control of sound radiation from a simply supported rectangular fluid-loaded plate is analytically studied. The plate is assumed to be excited by a point force at subsonic frequencies. The solution to the plate motion is based on the admissible functions for an in vacuo homogeneous plate, which is also the basis for Fourier decomposition of the fluid loading [B. E. Sandman, J. Acoust. Soc. Am. 61, 1502-1510 (1977) ]. Feed-forward control is carried out by using point forces applied to the plate. The amplitudes of the control forces are determined by the optimal solution of a quadratic cost function that integrates the far-field radiated acoustic pressure over a hemisphere in the radiation half-space. The results show that for subsonic disturbances, a high global reduction in radiated pressure is possible. For onresonant excitations, a reasonable sound reduction can be achieved with up to two properly located active control forces, and for off-resonant excitations, up to four control forces may be necessary. The results thus indicate that the active structural acoustic control approach will provide large attenuations in radiated sound when edge mode coupling induced by heavy fluid loading is present. The number and location of the control forces are determined so as to suppress the efficiently radiating modes. The far-field directivity pattern, the plate velocity autospectrum in the two-dimensional wave number domain, and the near-field pressure distribution are studied.
INTRODUCTION
There are many cases of practical interest to the industry and marine engineering in which the control of sound radiation from fluid-loaded plates is important. Much research has been done on the plate vibration response, the modal coupling effects due to the fluid loading, the radiation efficiency, etc. of fluid-loaded plates (Davies, 1977; Sandman, 1977; Lomas and Hayek, 1977; Fahy, 1985; Junger and Feit, 1986 ). All of the previous work is important in terms of understanding the behavior of sound radiation and dynamic structural response of fluid-loaded plates. On the other hand, active structural acoustic control (ASAC) has been applied recently to many structures such as plates (Fuller, 1988; Fuller et al., 1990a Fuller et al., , 1991 and cylinders (Fuller and Jones, 1987; Fuller et al., 1990b) with light fluid loading (i.e., no radiation coupling) as well as to an infinite fluidloaded plate with discontinuities Fuller, 1991, 1992 ).
The present study is focused on ASAC applied to a simply supported rectangular plate located in an infinite baffle with heavy fluid loading on one side, as shown in Fig. 1 . The disturbance is a point force operating at a steady single frequency while control is achieved by point forces applied to the plate. The control objective is to minimize the total radiated power that is a quadratic function of the control force amplitudes. The study focuses on the behavior of the near- (3), the authors used a truncation of modes of m = 6, n = 6 for numerical estimation, since the difference is within 1% compared to that achieved by using a truncation of m = 10, n=10.
For estimating the radiation pressure, the far-field pressure can be evaluated with the Rayleigh-Ritz method (Sandman, 1977) 
C. Optimal control
The objective of the optimal control is to minimize the far-field sound radiation over a hemisphere above the plate in the fluid half-space. The cost function based on the farfield acoustic power is expressed as (Fuller, 1988) 
where superscript "T" denotes transposition, "*" denotes conjugation, and "H" denotes transposition and conjuga- 
II. RESULTS AND DISCUSSION
The numerical evaluation is based on an aluminum rectangular plate of which the material properties and dimensions are listed in Table I there is not only a reduction in sound radiation level, but a reduction in plate vibration magnitude level as well. It is also interesting to examine the optimal control force values that are given in Table IV . For the on-resonant case of f= 31 Hz, it is apparent that the control forces are always nearly purely real and 180 ø out-of-phase with the disturbance force. For a single control force, a much larger magnitude of optimal control force than disturbance is required, although this will depend upon location of the forces. When multiple control forces are used, the control force magnitudes are of the same order as the disturbance and largely independent of location. The results indicate that for the onresonant case, although multiple control inputs do not significantly increase the sound reduction, they have the advantage of keeping the control force magnitudes lower. This effect, however, needs further investigation before definite conclusions can be made.
C. Off-resonant excitation
The off-resonant example is illustrated with the plate centrally driven at frequency f= 434 Hz. From Fig. 3 it can be seen that this frequency is higher than the resonance of mode (3,1) so that more modes are involved in the plate response. The results show that, although the sound radiation level due to the disturbance is relatively lower than that of the on-resonant excitation example, reasonable sound reduction is much harder to obtain. In this case, the (3,1),
(1,5), and (3,3) modes combine to contribute to the plate vibration and sound radiation. It is thus difficult to position one control force to couple into all three modes, in such a way as to reduce their respective sound radition properly to achieve a global sound reduction. This is illustrated by the results of Fig. 7 where one control force only reduces the farfield radiation by around 2 to 4 dB. When two or more control forces are employed, reasonable sound reduction is achieved. An examination of near-field pressure distribution from Fig. 8 (a) to (d) implies that the off-resonant plate source is far more complicated than the on-resonant case and a farfield sound reduction does not always accompany a significant overall pressure level reduction in the near field due to the "modal restructuring" phenomena discussed previously. The near-field pressure distribution in Fig. 8 (a) is the result of radiation of the (3,1 ), ( 1,5 ) and (3,3) modes. When one control force is applied, there is no apparent reduction of the pressure level, as shown in Fig. 8(b) , but there is some change in the shapes of the source pattern. Meanwhile it is seen in Fig. 9 (b) that there is some minor radiation reduction, as illustrated by a decrease of the velocity autospectrum in the upper right area in the supersonic circle. This indicates that ASAC provides some attenuation, although the result is not as good as the on-resonant case when one control force is used. Another interesting phenomenon is that by observing the subsonic regions in Fig. 9 (a) and (b) , respectively, it is shown that the subsonic region in Fig. 9 (b) has a higher level than that in Fig. 9(a) , which indicates that the plate vibration level may be higher, when control is applied (this can only be confirmed when the velocity autospectrum is plotted in the full range of --oo < kx < oo, -oo < ky < oo ). This indicates two points: ( 1 ) ASAC does not always reduce the structural response; (2) modal restructuring sometimes can play an important role in reducing the sound radiation, particularly for off-resonant cases. When two control forces are applied, it is observed that the overall near-field pressure level is only slight reduced [ Fig. 8(c) ], but a much better sound reduction is observed in the far field (Fig. 7) as well as in the supersonic region of velocity autospectrum [ Fig.  9(c) ]. From the near-field pressure distribution shown in Fig. 8(c) it can be concluded that the increase of source order leads to the sound reduction. Finally when four control forces are applied on the plate, the overall near-field pressure level is reduced by about 10 dB and the source order is further modified [ Fig. 8 (d) ] . A further reduction of velocity autospectrum in supersonic is also observed in Fig.  9(d) corresponding to the far-field pressure reduction in Fig. 7 . In this four-force-control case, it can thus be concluded that modal suppression as well as modal restructuring is the mechanism of modifying the panel source and reducing the sound radiation. The drop in plate response for the case of Fig. 8(d) is due to the number of control forces being of the order of significant plate modes in terms of sound radiation. Table IV 
III. CONCLUDING REMARKS
Active control of sound radiation from a fluid-loaded rectangular plate excited by a centrally located point force at subsonic frequencies has been analytically studied. The control forces are chosen so as to minimize the total acoustic power radiated into a hemisphere in the fluid-loaded halfspace. The reduction in sound radiation has been shown to depend on the excitation frequency that determines which modes will contribute dominantly to the total radiation. In general, off-resonant excitations are more difficult to control than on-resonant ones since more modes are involved. In the cases studied in this paper, up to two control forces are needed to control radiation for on-resonant excitation and up to four control forces for off-resonant excitation.
A two-dimensional wave-number domain analysis of the plate response illustrates how the wave-number components in the supersonic region decrease when active control is applied. This approach reveals the cause of sound reduction from the point of view of plate vibration radiating components. It is demonstrated that for plates with heavy fluid loading, sound radiation control occurs by two major mechanisms viz. ( 1 ) modal suppression in which dominantly radiating modes are controlled in magnitude and (2) modal restructuring in which the plate averaged response is little changed but has a lower radiation efficiency due to a more complex residual shape. The sound reduction achieved in on-resonant case is mainly through modal suppression, and the sound reduction achieved in off-resonant case is achieved primarily through modal restructuring.
This study adds new understanding to research in controlling the sound radiation from finite fluid-loaded plates. The results indicate that the ASAC feedforward control approach will provide high sound attenuation for vibrating structures submerged in heavy fluids including edge radiation coupling phenomena. Future work will study the effect of localized structural discontinuities as well as experimentally confirm the above conclusions.
